The enzyme CP4 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS; EC 2.5.1.19) from Agrobacterium tumefaciens CP4, encoded by the aroA gene, has been used for the construction of genetically modified crops resistant to total herbicide glyphosate. During the study of possible horizontal gene transfer of aroA CP4 gene from genetically modified food in gastrointestinal tract to bacterial community living in the animal gut, we have discovered and characterized truncated form of aroA CP4 within the cloning experiments in Escherichia coli. We have compared properties of the recombinant E. coli strains with both CP4 EPSPS enzyme forms.
Introduction
The first commercially most successful broad spectrum herbicide has been glyphosate [N-(phosphonomethyl) glycine] -the active ingredient of the weed control agent Roundup (Halford & Shewry 2000) . Glyphosate is toxic to most actively growing plants and many bacteria but not to insects and kills most weeds and crops by inhibiting the 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS). The identification of EPSPS as the target of glyphosate by Steinrucker & Amrhein (1980) initiated extensive biochemical studies of this enzyme (Skarzynski et al. 1996) . EPSPS catalyzes the transfer of the enolpyruvyl moiety of phosphoenolpyruvate to 5-hydroxyl of shikimate-3-phosphate with releasing the inorganic phosphate. This reaction is the sixth step in the shikimate pathway which is absent in animals but essential for the synthesis of aromatic amino acids and almost all other aromatic compounds in bacteria, higher plants, algae and fungi (Skarzynski et al. 1996) .
Two classes of EPSPS have been identified so far. Class I includes those from Escherichia coli and Salmonella typhimurium. Class II has been identified from Agrobacterium tumefaciens sp. CP4, Achromobacter sp. LBAA and Pseudomonas sp. PG2982. Class II members do not cross-react with the polyclonal antibodies against Class I EPSPS, the mutual amino acid sequence similarity between the two classes of EPSPS being less than 50% (Fitzgibbon & Braymer 1990) . The efforts focused on achieving the herbicide resistance in crop plants started in the 1980s with the characterization of EPSP synthases from various glyphosateresistant organisms (Skarzynski et al. 1996) .
We describe in this work that naturally generated truncated CP4 EPSPS exhibits glyphosate resistance comparable with that of the full-length enzyme.
Material and methods
Escherichia coli strains and plasmids E. coli strains and plasmid used in this work are listed in Table 1 .
Cloning of aroA CP4 gene from genetically modified maize In further experiment the DNA was isolated from maize corns -NK603 Roundup Ready powder 5g by GeneSpin kit (Genescan) -and used as a template for aroA CP4 gene amplification by PCR. The PCR assay was conducted with 2 µL of genomic DNA in a 25 µL total reaction volume and the products were purified with Qiaquick gel extraction kit (Qiagen). Primer sequences used were as follows: (i) for full length gene sequence: For2 (5'-GACGCCATGGCTCACGGTGCAAGCAGCCG-TCC-3') 266 S. Natarajan et al. Transgenic maize NK603 Roundup ready CP4 aroA M o n s a n t o and Rev2 (5'-CCAAGCTTCATCAAGCAGCCTTAGTGT-CGGAGAG-3'); and (ii) for the truncated form: Forsat2 (5'-CCTCCATGGTCGGCGGTCTCGCGAGCG-GTG-3') and Rev2, respectively. The determined sequence was searched on the Entrez Nucleotides database of NCBI (USA) and then compared with GenBank accessions by using the BLAST searches (Altschul et al. 1997 ).
Construction of host strain E. coli SV1Tc
R for complementation test We have prepared a strain for complementation test from E. coli ER2799 which has deletion of the aroA gene. We have transferred another two genetic markers into the ER2799 for better selection of complemented strains in animal experiments. Nal R marker (resistance to nalidixic acid) was transferred by P1 transduction by standard procedure according to Silhavy et al. (1984) from E. coli DH1, and Tc R resistance marker was transferred by conjugation from XL1Blue.
Complementation test of CP4 EPSPS phenotype
All enzymes used in this study were from New England Biolabs. The PCR products were cloned using A/T cloning vector pDrive (Qiagen) and then positive clones were used for transformation of E. coli XL1-Blue. Cloned genes were isolated from the recombinant plasmids by digesting with NcoI and HindIII, and re-cloned into the pKK233-2 expression vector with tac promoter resulting plasmids pKK1 and pKK2. Strain E. coli SV1Tc r was transformed by pKK1, or pKK2, and used for growth selection with inhibitory concentration of glyphosate on LB media with ampicillin as a selection marker and IPTG for induction of tac promoter. The CP4 aroA phenotype was also determined by growth of E. coli transformants on M9 agar media lacking aromatic amino acid supplements. E. coli strain JM106 was used as a positive control.
E. coli comparative growth studies
Fresh overnight cultures of E. coli SV1Tc r with pKK1, or pKK2, were grown with aeration to late logarithmic phase in orbital shaker (Sambrook et al. 1989) , supplemented with 50 µg/mL ampicillin at 37
• C. One hundred µL of each overnight culture were then used for inoculation of 25 mL of M9 minimal media (Sambrook et al. 1989 ) supplemented with 50 µg/mL ampicillin, 1.0 mM IPTG, and different concentrations of glyphosate (0, 0.25, 0.5 and 1%). Optical density measurements at 600 nm were taken on all of the overnight cultures before inoculation to confirm similar cell densities. Growth rates were determined by removing 100 µL aliquots from each tube at indicated time and monitored by optical densities at 600 nm.
Results and discussion
Chromosomal DNA was isolated from genetically modified maize which has been used in feeding experiments at the Animal Research Institute, Nitra (Slovakia) and used as a template for PCR with primers For2 and Rev2, or Forsat2 and Rev2, and resulting DNA fragments were cloned into pDrive AT cloning vector for determining the nucleotide sequence of the recombinant gene. BLAST search revealed that the recombinant gene is the aroA CP4 which encodes herbicide glyphosate resistance. However, the alignment of the cloned sequence of the full-length gene with the sequence Seq No. 9 of Monsanto Patent US 5,633,435 (Barry et al. 1997) , which is present in the genetically modified Roundup Ready maize, showed only 82% similarity on nucleotide level, while on the amino acid sequence level it revealed 98% identity. Moreover, we have found out in the recombinant plasmid a new open reading frame within the sequence which started Truncated functional CP4 EPSPS enzyme in E. coli
(1) MAHGASSRPATARKSSGLSGTVRIPGDKSISHRSFMFGGLASGETRITGL *************** EPSPS_Sat (16) LEGEDVINTGKAMQAMGARIRKEGDTWIIDGVGNGGLLAPEAPLDFGNAA seq9 EPSPS (51) LEGEDVINTGKAMQAMGARIRKEGDTWIIDGVGNGGLLAPEAPLDFGNAA ************************************************** EPSPS_Sat (66) TGCRLTMGLVGVYDFDSTFIGDASLTKRPMGRVLNPLREMGVQVKSEDGD seq9 EPSPS (101) TGCRLTMGLVGVYDFDSTFIGDASLTKRPMGRVLNPLREMGVQVKSEDGD ************************************************** EPSPS_Sat (116) RLPVTLRGPKTPTPITYRVPMASAQVKSAVLLAGLNTPGITTVIEPIMTR seq9 EPSPS (151) RLPVTLRGPKTPTPITYRVPMASAQVKSAVLLAGLNTPGITTVIEPIMTR ************************************************** EPSPS_Sat (166) DRTEKMLQGFGANPTVETDADGVRTIRPEGRGKLTGQVIDVPGDPSSTAF seq9 EPSPS (201) DHTEKMLQGFGANLTVETDADGVRTIRLEGRGKLTGQVIDVPGDPSSTAF * *********** ************* ********************** EPSPS_Sat (216) PLVAALLVPGSDVTILNVLMNPTRTGLILTLQEMGADIEVINPRLAGGED seq9 EPSPS (251) PLVAALLVPGSDVTILNVLMNPTRTGLILTLQEMGADIEVINPRLAGGED ************************************************** EPSPS_Sat (266) VADLRVRSSTLKGVTVPEDRAPSMIDEYPILAVAAAFAEGATVMNGLEEL seq9 EPSPS (301) VADLRVRSSTLKGVTVPEDRAPSMIDEYPILAVAAAFAEGATVMNGLEEL ************************************************** EPSPS_Sat (316) RVKESDRLSAVANGLKLNGVDCDEGETSLVVRGRPDGKGLGNASGAAVAT seq9 EPSPS (351) RVKESDRLSAVANGLKLNGVDCDEGETSLVVRGRPDGKGLGNASGAAVAT ************************************************** EPSPS_Sat (366) HLDRRIAMSFLVMGLVSENPVTVDDATMIATSFPEFMDPMAGLGAKIELS seq9 EPSPS (401) HLDHRIAMSFLVMGLVSENPVTVDDATMIATSFPEFMDLMAGLGAKIELS *** ********************************** *********** EPSPS_Sat (416) DTKAA seq9 EPSPS (451) DTKAA ***** Fig. 1 . Amino acid alignment of truncated and full length CP4 EPSPS sequences. EPSPS Sat -sequence of the truncated CP4 EPSPS from this study; seq9 EPSPS -Monsanto patented CP4 EPSPS sequence. The identical residues are signified by asterisks.
at the 101 st position from the 5' end of the full-length sequence. The alignment of the translated amino acid sequence of recombinant truncated form of CP4 EPSPS and the Monsanto Seq No. 9 CP4 EPSPS is shown in Figure 1 .
To confirm that truncated aroA CP4 gene is also responsible for the glyphosate-resistant phenotype, expression cassettes were generated with the both forms. The resulting E. coli expression constructs pKK1 and pKK2 with the full length and truncated CP4 aroA gene under control of the tac operon were used for further studies on solid and/or liquid media. E. coli SV1Tc r harbouring either pKK1 or pKK2 was tested on LB solid media with cascade of increasing glyphosate concentration (1, 2, 3, 4%). Both strains showed uniform growth in 3% glyphosate medium and reduced growth in 4% of glyphosate. Both negative controls, E. coli SV1Tc r with pKK233-2 and SV1Tc r showed no growth at the above-mentioned glyphosate concentrations.
The same E. coli strains from the previous experiment were used in complementation assay on M9 medium in the absence of added aromatic supplements. E. coli strain JM106 with pKK233-2 plasmid was used as a positive control and E. coli strain SV1Tc r with plasmid pKK233-2 was used as negative control. The transformants showed uniform growth on the unsupple- 
a pKK1 -containing full length aroA CP4 gene, pKK2 -containing truncated aroA CP4 gene, Glp -glyphosate, + indicates the intensity of the growth, -indicates the absences of growth, MM -minimal M9 media without aromatic amino acid supplements, ND -not done.
mented M9 media plate after 2 days. Positive controls also grew up in the same plate and there was no growth in the negative control. The comprehensive results are shown in Table 2 . In order to determine whether the aroA CP4 gene from the different form is able to confer glyphosate resistance in intact cells, growth assay in liquid medium was used for direct comparison of glyphosate effects on E. coli transformants with expressed full-length and/or truncated form of CP4 EPSPS (Fig. 2) . The results of comparative growth rate studies are demonstrated in Figure 3 . In the 0.25% glyphosate treatment both re- combinant strains (with pKK1 or pKK2) grew up to high density, growth values of the two plasmids were comparable and the values reached saturation at 13 hours. Negative controls, E. coli with parental vector pKK 233-2 and E. coli without any vector did not grow. Positive control (aroA + E. coli JM106 strain) grew up to its full extent and reached the saturation at 13 hours (data not shown). In the case of 0.5% glyphosate the same result was found but the spectrometrical values of the both samples were lower. Similar results were also received with higher percentage of glyphosate (1%). We concluded that the value of both aroA CP4 gene forms is undistinguishable in all used glyphosate concentrations and truncated gene confers resistance to the glyphosate. Both forms complemented the deficiency in E. coli strain SV1Tc r , which normally requires exogenously supplied aromatic amino acids for its growth. These data indicate that truncated CP4 EPSPS expressed in E. coli strain SV1Tc r cells exhibits the same level of glyphosate resistance as the aroA CP4 fulllength gene. This conclusion is based on the known effects of glyphosate on aromatic amino acid biosynthesis (Jaworski 1972; Gresshoff 1979 ) and on the reaction catalyzed by EPSP synthase demonstrated by Amrhein et al. (1980) . Taken together, these data provide compelling evidence that naturally occurring truncated gene product form of aroA CP4 gene can function in vivo and confers glyphosate resistance as that of the full-length gene. Truncated CP4 EPSPS will be used in further structural and functional enzyme studies, in horizontal gene transfer experiments to determine the risk assessment of genetically modified food.
Another finding of this study is that despite the larger changes in DNA sequence of the aroA CP4 (82% similarity), if there occurred a strong selection pressure in certain point of horizontal gene transfer, the selected functional amino acid sequence is almost identical (98% identity) with the original one.
To summarize, we have found a new significantly shorter truncated CP4 EPSPS form which can confer the function of the full-length enzyme and exhibits comparable resistance to glyphosate. We have therefore to take this observation into account in the risk assessment of genetically modified food from the point of view of horizontal gene transfer.
